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Abstract

Observations regarding rotating cavitation and
cavitation surge experienced during the
development of the Fastrac engine turbopump are
wscussed. Detailed observations acquired from
‘~e analysis of both water flow and hiquid oxvgen
‘st data are offerea in this paper. 3caling and
seneral comparison of rotating cavitation petween
water tiow and liguid oxygen tesung are
wscussed. Complex data features linking the
ccalized rotating cavitation mechanism of the
nducer 10 system surge components are
jescriped in detaill. Finally a gescriotion or a
_mped-parameter nvarauiic system maodael
eveloped to petter ungerstand ooserved data s

aiven.
Nomenclature

Y synchronous oscillation
statng cavitaton oscilaten

o dimensional pump compliance

a¢ dimensionless pump compliance

nh dimensional mass flow gain factor
" amensionless mass flow nain facter
35 ‘ucuton specific speed

nlet tp tlow coefficient
" ‘niet cavitation number
. inducer tip cavitation numoer
i stage head coefficient

i troguction

Curing the develooment of the nigh speed
- sroopump for the 60.000 pound thrust Fastrac
-ocket engine. complex unsteady flow ana shaft

2000 The American institute of

-aronautics ana Astronautics inc. All ngnts

sserved.
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vibration due to rotating cavitation have been
observed. The bipropellant pump (Figure 1) with
both a single-stage LOX (shown with axial inlet)
and RP inducer-impelier sharing the same drive
shaft exhibits independent cavitation induced
super-syncnronous osclilations concurrently during
~pminal ooeraton.

Fastrac Turbopume Assembply

Figure 1

This cocument attempts to summarize major
observations regarding the Fastrac LOX
turbopump rotating cavitation anomaly and relay
them to a turbomachinery community that must
‘requently contend with hydraulic system
nstabilities inquced by cavitating pumaos.
Spservations nave been derived from LOX oump
super-scale model water flow tesung and
turbopump component level hottire test.
Characterization and abatement of the cavitation
instability continue to be critical issues in the
development and certification of the Fastrac
engine due to leading edge blade deformations
found in both the initial aluminum water flow test
article and subsequently in a component level test
inducer. Figures 2 and 3 show the damaged
leading edge regions in the water flow aluminum
and the LOX K-Monel inducers respectively.
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latitude offered by the water rig testing has been
crucial to the characterization of the oscillation.

L OX inqucer with Slight Leading Edge
Deformation

=qure 2.

Unsieaqy tHow analysis of the Fastrac engine
_OX turoopume nas benetited from multipie
sources of expermentaltest gata of the comolex
nstapinity. Water tlow nig testing of the LOX pumbo.
~hatea o expermentally veriy suction
sertormance. nas provided valuaple insight into
‘ne anomaly ana producea the first evidence of the
severity of the rotatng cavitation with the failure ot
the original aluminum superscale LOX
nducer-impeller.  Figure 4 1s a joint
-me-freqguency —apping ot the oscillation taken
-am water tow 1237 of the LI2X noucer atthe
-ated flow conaitien 10 = J.135) and a shaft speec
31 5000 RPM.

The inducer niet fluctuating pressure data
shows the development of the rotating cavitation
oscillation, denoted as “rc” in the figure, during an
'nlet pressure ramp test (suction pressure
Jecrease going :N1o page) at constant
-iow-to-speed ratio. In-gepth discussion of the
spectral trending will be orfered in subsequent
sections of this cverview. T he expernmental

R 3

Figure 4. Watertall Plot of Inducer Inlet
Siuctuating Pressure frcm Water Flow Test

Several of the features of the Fastrac
‘urbopump rotating cavitation have been
documented by many researchers involved in the
development of other nigh speed rocket engine
turpomachinery. *’ Tsujimoto. et al.. provided an
axcellent overview of inducer rotating disturbances
sncountered during the aevetopment of the LE-7
LOX turbopump. A majority of the spectral
components shown n Figure 4 have counterpans
gescribed In the LE-7 cavitation oscillation
overview.

Rotating cavitation nas sroven to be more
‘nan just a nuisance to the Fastrac engine
development program. Along with deforming
inducer ieading edges, pump cavitation has
hampered characterization of the turbopump
vibration environment due to saturation of
accelerometers and signal conditioning. Excitation
of both LOX ana RP feea-svstem nydrauiic modes
oy the active ingucers nas &iso complicated
angine calibration efforts by nindering accurate
propeilant flow measurement.

il. Rotating Cavitation and Cavitation Surge Data
Observations

Rotating Cavitation

As noted previously, water fiow testing offered
several experimental opporiunities not available in
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the LOX environment. This included the
accessibility of high frequency instrumentation
locations and the ability to easily manipulate pump
inlet hydrodynamic condition, 1.e. Nss (suction
specific speed) and o, in the water flow loop
(Figure 5). Flush mounted fiuctuating pressures at
the inducer iniet plane approximately 0.3 inducer
diameters upstream of the blade leading edge

(instrumentation plane 1000, Figure 5) were used
to establish the rotational character of the
oscillations shown in the joint time-frequency plot
of Figure 4. Hannover plotting of inducer inlet
fluctuating pressure relative phase information
was used in determining cell number and
propagation direction of the major spectral
components.’

ot FE4 gma
s el

1

Sigure 5. MSFC Ingucer T2st Locp and Fastrac LOX Inducer Alodel

As expected. the peaks denoted as "3N" and
‘N". are tnree and single cell disturbances.
-espectively. Cross-cnannel phasing at the
inducer iniet plane confirm their 1oCK-in tin a
rotational sense) to the three-blaced inducer. The
peak denoted as rc in Figure 4.is a one-celied
disturbance propagating in a forward direction. 1.2
N the same airection as the rotor. at a shigntly
super-synchronous rate. No significant 10ss in
aJumping efficiency was noted in walter tlow sucton
performance mappings until the appearance of the
synchronous oscillation, N, where stage head
coefficient, ¥, dropped approximately 2 percent
from the non-cavitated (< 15000 Nss) water flow
salue of 0.40.

The peax cenotea as “f1"in Figure 415
:nougnt to be a rotating disturbance of hign cell
count related to backflow vortices. Phasing
suggests that the low amplitude oscillation is an
eight-cell disturbance with a propagation velocity
of approximately 0.32N. The cell train propagation
rate and high cell count compare well to rotating
hackflow disturbances characternized in
Reference 3. However. inlet plane phase mapping

vas not of high enougn fidelity to confirm
oropagation direction and ne nign cetl count of {1.

Figure 6 shows poth normatized rrequency
and amplitude of 3N. rc. ana N versus Nss at the
90°% rated flow condition from poth water flow and
LOX testing. Comparison at this slightlv
Stf-nominal flow condition 'was selectea since a
majority of the LOX test data was acauired at the
10° rated flow. !n the higure. ciosea symbpols
denote normalized water cata whiie the iarger
open symools represent LOX. The frequency of
the rotating cavitation component, rc, is
normalized by synchronous frequency while all
amplitudes are scated by impeller tip dynamic
oressure. Normalized frequency for rc ranges
-om 1.% to 1.25 ana the cecreasing irena with Nss
compares well between LOX and water test.
Likewise. there 1s good comparison between
normalized amplitudes of the rc and N
components as well as the critical Nss at which rc
transitions into the synchronous response. A
normalized 3N amplitude is not shown for LOX
since the turbopump acquired no appreciable
steady-state operation at low Nss. r.e. iess than
12 kNss.
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Figure 5. Normalized Frequency and Ampitude of Major Fastrac LOX Inducer Osctilations from Both
_OX anag Water Testing

Cavitation Surge

During water flow testing of the superscaie
“astrac LOX inducer model. sirong pumo-facuity
coupling was experienced. Figure 7:s a watertall
plot of an upstream (approximately 1.3 inlet
diameters from inducer) unsteady pressure.
Amplitude scale is equivalent to that of the inducer
~let watertall plot of Figure 4. The cominant
ascillations registered at this upstream location are
1(rc — N) and the component denoted as 2",
Further analysis into phasing and the nigh
frequency content of measured fluctuaung
pressure both at the inducer inlet plane and
elsewhere in the water flow loop revealed
‘nteresting attributes of the 3(rc — N) component.

Figure 8 1s a series of waveforms 10— "0 xHz
asanawtdtn) across several locations over
15 cycles of 3(rc = N).  In sequence from top {0
pottom are upstream fluctuating pressure. inlet
fluctuating pressure, inlet fluctuating pressure at
an alternate circumferential location, and finally
radial acceleration measured on the pump
housing. Clearly, the dominance of the 3(rc — N)
n the upstream pressure 1S shown. Likewise the
complexity of the nonlinear interaction between
the rotating cavitation component and the

synchronous rate is very evident in the two inducer

nlet pressures.

1

While the rotation-induced delay of the higher
‘requency rotating cavitation wavelet is easy to
a1scern between the two inlet oressures. the
Jndertying 3(rc — N) wave appears to be in phase.
The inducer inlet piane transfer function of
Figure 9 confirms this unique phasing at the
‘requency of 3(rc — N). Relative phase at the
sscillation freauency 1s zero with a coherence of
~early unity. Similar phasing and coherence for
I(rc - N} were shown witn the alternate inducer
nlet cross-channel parr.

Before discussing possible physical
implications of the complex component 3(rc — N),
some observations on the transient envelope of
‘he monitored fluctuating pressures are NoOwW
>iterea. Figure 10 displays a nigh-pass filtered
version of Figure 8. The data were high-pass
fiitered at 2 kHz to safely exclude rc and
synchronous activity. Of interest in this series of
filtered waveforms is the obvious synchronization
of wideband bursts at the rate of 3(rc — N) across
all fluctuating pressures and monitored pump
vibration. Envelope spectrai analysis of these
waveforms has confirmed this synchronization.
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Figure 7. Watertall Plot of Upstream Fluctuating
Pressure from Water Flow Test
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Figure 9. Inducer Inlet Pressure
Cross-Channel Coherence, Phase, and Gain
During Rotating Cavitation
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Figure 10. Mumple Locanon Flltered Pressure and
Vibration Waveforms During Rotating Cavitation
Over 15 Cycles of 3(rc = N)

The unique phasing is thought to reflect the
compiex physical relationship between the
iocalized inducer rotating cavitation disturbance
and the more global cavitation surge instability. A
component similar to the 3(rc — N) has been
documented by Tsujimoto and fellow researchers.’
In their effort. a cavitation surge mode was
‘dentified at a frequency corresponaing to (rc — N).
The frequency variation of their cavitation surge at
umes lost correlation with those of the rc and N
components. in Fastrac LOX inducer .ater flow
testing, correlation of the cavitation surge mode at
3{rc — N) with the rotating cavitation and
synchronous components was maintained.
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Figure 11. Instantaneous Frequency Correlation
of Cavitation Surge with Rotating Cavitation and
Synchronous — Water Flow

Figure 11 overtays the normalized
instantaneous frequency variation of a composite
3(rc - N), developed from those of the rotating
cavitation and synchronous components, with that
of the actual cavitation surge component. Along

b
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with the overlay are displayed the variations
(normalized by mean frequency over the entire
record) of the rc and N components used in the
construction of the compaosite 3(rc — N).
Generalized Hypercoherence processing was
used to develop the micro-frequency variations
shown in Figure 11.° The commercially-available
signal processing package PC Signal, offered by
Al Signal Research, provided the powerful

diagnostic technique. The convincing match of the

actual and reconstructed instantaneous
frequencies of the cavitation surge oscillation
indicates a high degree of synchronization
between the rotating cavitation and the cavitation
surge evident in the water flow circuit.

Instantaneous frequency analysis was not
necessary in making this same assessment in the
LOX environment. Figure 12 is a watertall plot of
‘nducer inlet pressure taken from the last hotfire of
‘he slightly deformed hardware shown in Figure 3.
The frequency axis has been scaled to faciiitate
comparison of water flow data with that of the
LOX. During the first portion of the test, the LOX
pump experienced an excursion into rotating
cavitation (start +52 through 55 seconds). The
LOX pump was operating at 88% of rated flow
auring the transient and traversed the critical Nss
-egion of the rotating - synchronous cavitation
ooundary (Figure 6, ~16 kNss). if the
SUDSYNCRronous component were locked 1IN0 &
frequency variation corresponding to 3(rc — N). it
would be a mirror image of the (3N ~rc)
component about the rotating cavitation frequency
rrace. The subsyncnronous component does not
‘ollow this vanation during this excursion.
However. this frequency correlation between the
subsynchronous component and the synchronous
and rotating cavitation disturbances increases
toward the end of the transient. This varying
degree of correlation, similar to that documented
n the LE-7 experimental effort. 1s thought to
-apresent a reguced synchromization detween ne
.ocalized inducer disturbance (rotating cavitation)
and the overall hydraulic system {via the
suspected cavitation surge mode). Envelope
analysis of both inducer inlet unsteady pressure
and pump housing vibration from LOX testing also
exhibited a well-defined periodicity at the
subsyncnronous frequency.

Figure 12. Water Plot of Inlet Fluctuating
Pressure from Fastrac Turbopump Hotfire

The spectral component labelled as {2 in
Figure 4 showed little dependence on Nss and ¢ in
water flow test. The frequency decreased slightly
‘rom 4 Hz with increasing Nss. While the 3(rc - N)
mode appeared to be most active in the vicinity of
the inducer, the f2 mode was much more
distributed across the water flow loop.

111, Hydraulic System Stability Analysis

Analytic Modet Overview

In an attempt to better uncerstand observed
"system couplings” between tre water flow LOX
‘nducer and test facility. a lumoed parameter
model of the MSFC Inducer Test Loop was
deveioped. The analytic modei is purely hydraulic
in that no structural participation 1s considered.
The model is composed of simpie inertance,
resistance, and compliance elements as well as
additional terms specific to the pump component.
These terms include the mass storage term due to
variation in 0. or mass flow gain factor. and a
JumD pressure gain factor. " The pump was
modeied with two characteristic equations
consistent with the method of Oppenheim and
Rubin used in their Pogo stability analysis of liquid
rocket engines.” Even though the the selected
pump representation could be viewed as limited in
light of the four-terminal pump dynamic transfer
function experimental efforts performed at the
California Institute of Technology, the treatment
was felt sufficient for a first-orger analysis of water
flow system stability. >’

American institute of Aeronautics and Astronautics



The completed model consisted of
60 elements, which included lines, purely resistive
losses (e.g. valves), accumulators, and the pump.
The modeling of the hydraulic lines was consistent
with that of Reference 7. Wave speed reduction
due to fluid air content and pipe wall compliance
were considered and incorporated into the line
elements. Pump gain and resistance were
developed from steady pump performance
characterizations of the inducer-impeller in water,
while pump inertance was estimated using an
empirical equation from Fenwick.’

A strategy for setting pump compliance and
mass flow gain factor in the analytic model was
developed prior to anchoring the model to test
data. First, dimensioniess mass flow gain factor,
M, was set by inlet cavitation number, o, and an
assumed dimensionless pump compliance. K.
using the recently published onset condition for
both cavitation surge and rotating cavitation
developed by Tsujimoto, Kamijo, and Brennen. :
M and K were converted to their dimensional
forms. M™ and C, respectively, in a manner
consistent with scaling employed by Califorma
Institute of Technology researchers in their
experimental determination of four-terminal oumo
dvnamic transfer functions.

An initial estimate of K made using a maoping
of an estimated K and M versus :nducer tp
cavitation number, ., published by Brennen and
Acosta for the Rocketdyne J2 LOX turbopump.
Even though the parameters were anchored to
inlet perturbation testing where fluctuating mass
flows were neglected, the normalized mass
storage terms were deemed valuable because the
J2 LOX turbopump was known to exhibit a strong
supersynchronous oscillation thought to be
rotating cavitation.* " The current shrouded
version of the J2 LOX turbopump integrated with
‘he Rocketdyne XRS-2000 Aerospike engine also
=xnibits rotating cavitation atong with (rc = N).

The experimental data attribute which drove
analytic model adjustment of K (and subsequently
M) was variation of the 3(rc — N) frequency
observed with water flow suction pressure
ramping. Figure 13 shows the reference
frequency tracking taken from water flow test
along with the last iteration of K(c.) and M(c.).

3(rc - N)

10 70
SR . I
84 .’ %
. -
7 . P - 50
?4 M ‘_‘- +~ 40
2
M K - + 30
+ 20

+
°

012 0.14 018

0.04 0.08 0.08 o1

Figure 13. K and M Estimates versus o,, Based
on Observed Frequency Variation of 3(rc — N)

System Stability Model Results

A characteristic root of the system model with
the pressure mode shape shown in Figure 14 was
chosen to anchor K and M selection since it best
matched observed amplitude distribution of the
cavitation surge. Test data and audible
observation showed the cavitation surge to be
strongest in the vicinity of the inducer. The
pressure mode, normalized by pump inlet
pressure response, is plotted versus model
element with flow direction going from left to right.
Predicted critical damping for the moae ranged
from —0.20 at 12 kNss to —0.52 at 26 kNss.
Figure 13 also shows the frequency variation of
the predicted moae versus c.. Interesungly, the
most unstable modes predicted by the model
consistently showed a mode shape similar to that
of Figure 14, 1.e. peak fluctuating pressure (and
flow) at the inducer leading edge.

. oressure MONe Shaps Or FOal nuMoe: . 10
alr- /’i—mn

b
28k
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Figure 14. Predicted Mode Shape — Inducer
Localized Instability
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IV. Concluding Remarks

Fastrac LOX inducer rotating cavitation shares
many of the complex features observed in other
rocket engine turbomachines which have exhibited
the same phenomenon.

The successful scaling of the oscillation between
the water and LOX environments is encouraging.

The unique interaction between rotating cavitation
and cavitation surge at the inducer inlet warrants
further investigation. A better understanding of the
flow features which induce such complex dynamic
signatures will most likely enable the design of
very high suction performance rocket
turbomachines in the future.

The abundance of pump eilement assumptions
made in the stability modeling attempt reflects the
need for continuation of four-terminal.
experimentally-derived, pump dynamic transfer
functions as pioneered by California Institute of
Technology researchers in the 1970's. The
severity of the cavitation-surge related damage to
the Fastrac LOX inducer reinforces this need.
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